Microglial cells become rapidly activated through interactions with pathogens, and the persistent activation of these cells is associated with various neurodegenerative diseases. Previous studies have investigated the transcriptomic signatures in microglia or macrophages using microarray technologies. However, this method has numerous restrictions, such as spatial biases, uneven probe properties, low sensitivity, and dependency on the probes spotted. To overcome this limitation and identify novel transcribed genes in response to LPS, we used RNA Sequencing (RNA-Seq) to determine the novel transcriptomic signatures in BV-2 microglial cells. Sequencing assessment and quality evaluation showed that approximately 263 and 319 genes (! 1.5 log 2 -fold), such as cytokines and chemokines, were strongly induced after 2 and 4 h, respectively, and the induction of several genes with unknown immunological functions was also observed. Importantly, we observed that previously unidentified transcription factors (TFs) (irf1, irf7, and irf9), histone demethylases (kdm4a) and DNA methyltransferases (dnmt3l) were significantly and selectively expressed in BV-2 microglial cells. The gene expression levels, transcription start sites (TSS), isoforms, and differential promoter usage revealed a complex pattern of transcriptional and post-transcriptional gene regulation upon infection with LPS. In addition, gene ontology, molecular networks and pathway analyses identified the top significantly regulated functional classification, canonical pathways and network functions at each activation status. Moreover, we further analyzed differentially expressed genes to identify transcription factor (TF) motifs (−950 to +50 bp of the 5' upstream promoters) and epigenetic mechanisms. Furthermore, we confirmed that the expressions of key inflammatory genes as well as pro-inflammatory mediators in the supernatants were significantly induced in LPS treated primary microglial cells. This transcriptomic analysis is the first to show a comparison of the familywide differential expression of most known immune genes and also reveal transcription evidence of multiple gene families in BV-2 microglial cells. Collectively, these findings reveal PLOS ONE |
Introduction
Neuroinflammation is a key mechanism against infectious agents and neuronal injuries in the central nervous system (CNS). However, uncontrolled neuroinflammatory reactions lead to the neuronal damage observed in many neurodegenerative disorders, such as Alzheimer's, Parkinson's, Huntington's, and Multiple sclerosis diseases [1] . Microglial cells form approximately 10-20% of cells in the CNS, and these specialized macrophage-like immune cells are involved in the initiation of innate immune responses [2] . Microglial cells are highly mobile and rapidly activated through various neuronal injuries, stresses, and infections. The activated microglia also release various inflammatory mediators, including tumor necrosis factor-alpha (tnf-α), interleukin (il)-1β, il-6, nitric oxide (NO), reactive oxygen species (ROS), and prostaglandin E2 (pge2), which could be neurotoxic [3] . Although microglial activation is essential for host defense in the brain, the abnormal activation of microglia can lead to devastating outcomes, such as neuroinflammation, a major cause of neurodegenerative diseases [4] . Therefore, understanding the regulation of microglial activation using genome-wide approaches is required to obtain greater insight into the repertoire of LPS-stimulated gene expression profiling in BV-2 microglial cells involved in neuroinflammatory disorders.
Microglial cells are activated in response to environmental stress, lipopolysaccharide (LPS), interferon (IFN)-γ and β-amyloid [4] . LPS is a heat-stable, amphiphilic molecule comprising three regions, namely lipid A, the polysaccharide core, and an O-specific side chain, and this molecule is ubiquitously observed in most environments, such as cigarettes, contaminated foods and medicine, and non-sterile water [5] [6] [7] [8] . Many serious inflammatory diseases, including sepsis, neurodegenerative diseases, pneumonia, and so on, are induced through LPS [9, 10] . LPS, the main component of endotoxins, has been isolated from Gram-negative bacteria and employed to induce microglial activation and initiate several major cellular responses that play important roles in the pathogenesis of inflammation [11] . Thus, the LPS-mediated stimulation of microglia is a useful model to study the mechanisms underlying neuronal damage mediated through pro-inflammatory and neurotoxic factors, such as NO, pge2, ROS, il-1β, il-6 and tnf-α, released from activated microglia [12, 13] .
To date, several genome-scale studies of LPS-induced BV-2 microglial cells have been conducted to determine comprehensive signatures using the microarray method [14] [15] [16] . However, this method has numerous restrictions, such as spatial biases, uneven probe properties, low sensitivity, and dependency on the probes spotted [17] [18] [19] . Next generation sequencing (NGS)-based technologies, such as RNA-Seq, are increasingly used to study gene expression, as these methods provide unbiased profiles, identify novel transcribed regions compared with microarrays, and can be extremely accurate when a sufficient coverage is obtained. Furthermore, these technologies facilitate the differentiation between the expression of alternative mature mRNAs from the same precursor and the identification of the differential expression of mRNA isoforms [20] [21] [22] . Validation techniques, such as qRT-PCR [23] , have corroborated the accuracy of RNA-Seq; however, a limited number of studies have applied these approaches for the effects of endotoxin infection on changes in global gene expression in macrophages using RNA-Seq analysis [24, 25] . Thus, the objective of the present study was to understand host responses to LPS infection in cultured microglial cells using RNA-Seq analysis.
In the present study, we implemented RNA-Seq approaches to characterize global transcriptional responses at 2 and 4 h in BV-2, a microglia cell line, infected with LPS. We demonstrated that LPS infection strongly induced the expression of the genes involved in innate immune responses. The obtained data confirmed that many signaling pathways are potentially involved in the host immune response to LPS infection. We performed TF motif analysis of the promoter regions of genes exhibiting differential gene expression under the tested conditions and identified binding sequences for known TFs. Furthermore, we also highlighted many differences in splicing isoforms, TSSs and differential promoter usage in LPS-stimulated BV-2 microglial cells. The pattern of innate immune responses in LPS infection might enhance the current understanding of the pathogenesis of endotoxins and improve therapeutic methods. In this context, the present study provides a reliable and representative model for the accurate characterization of the development and regulation of microglia functions during an inflammatory stimulus.
Materials and Methods

Cell culture and stimulation
Mouse microglia BV-2 cells were grown in high glucose Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) (catalog # 26140), 100 IU/ml penicillin, and 10 μg/ml streptomycin (catalog # 15140; Invitrogen, USA). The murine microglial cell line BV-2 was a kind gift from Dr. Hee-Sun Kim (Ewha Womans University, Department of Molecular Medicine, Tissue Injury Defense Research Center, Seoul, South Korea) [26] . The mouse macrophage cell line, RAW 264.7, was obtained from the American Type Culture Collection (Manassas, VA), and the cells were grown in RPMI medium supplemented with FBS, 100 IU/ml penicillin, and 10 μg/ml of streptomycin (Invitrogen, USA). The cells were maintained in a humidified incubator with 95% air and a 5% CO 2 atmosphere at 37°C. BV-2 and RAW 264.7 cells were incubated with LPS (10 ng/mL, Sigma Aldrich) for the specified times under normal culture conditions. The medium, containing the appropriate agents, was replaced every other day. β amyloid peptides, the 42 aa (Aβ 42 ) (purity >95%) was purchased from Alpha Diagnostic International (San Antonio, Texas, USA). Unless otherwise indicated, Aβ 42 was freshly dissolved before use in the experiments. In this study, we used nanomolar concentrations of Aβ 42 (225 ng/mL) [27] . Primary microglial cells were isolated from 3-day-old ICR mice as previously described [28] . All experimental protocols were conducted in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines and were approved by the IACUC committee at Hanyang University (HY-IACUC-2014-0164A). Briefly, whole brains of neonatal mice were taken; blood vessel and meninges were carefully removed. Then, the whole brains of 12 mice were pooled together, finely minced, and digested with Neural Tissue Dissociation Kit-Postnatal Neurons (Miltenyi Biotec-130-094-802). Next, digested cells pass through 70 um nylon cell strainer (BD Biosciene) and were seeded in poly-L-lysinecoated T-75 flask in DMEM/nutrient mixture F-12 (DMEM/F12, 1:1) containing 20% FBS (catalog # 26140), 100 IU/ml penicillin and 10 μg/ml streptomycin (catalog # 15140) from Invitrogen (CA, USA). The cells were maintained in a humidified incubator with a 95% air/5% CO 2 atmosphere at 37°C. The medium was changed every 2-3 days. After two weeks in culture, mixed glial cell cultures are shaken at 150 rpm at 37°C for 45 min, and the glial cell suspension was collected from each flask and seeded on poly-L-lysine coated cell culture plate. Microglial cells were sub plated and used for further experiments. More than 96% of cells obtained were microglia as quantified by CD11b (rat monoclonal immunoglobulin G2b (IgG2b), clone M1/ 70.15.11.5, Miltenyi Biotec Inc., Auburn, CA, USA) FACS analysis (S1 Fig.) .
Total RNA extraction
Total RNA (~8 μg) was extracted using TRIzol (Life Technologies) according to the manufacturer's instructions. Briefly, two hundred microliters of chloroform was added, and the tubes with the lysis mixture were gently inverted for 5 minutes (min). The mixture was centrifuged at 12,000 x g for 15 min at 4°C, and the clear upper solution was placed into a new tube, to which 500 μl of isopropanol was added. The tubes were inverted before incubation on ice for 1 h. The lysis mixture was centrifuged at 12,000 x g for 10 min at 4°C, and the isopropanol was decanted. Ice-cold 70% ethanol was added to the RNA pellet for gentle washing. After centrifuging as indicated above for 10 min, the ethanol was removed. The RNA pellets were dried at room temperature for 5-10 minutes before reconstitution in 20 μl RNase-free water, and the RNA was treated with RNase-free DNase I (Promega, Wisconsin, USA). The RNA quality was assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent Technologies, Waldbronn, Germany), and the quantity was determined using a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
Quantitative real-time RT-PCR
The reverse transcription of the RNA samples was performed as previously described [29] using 2 μg of total RNA, 1 μl of random hexamers (per reaction) and the PrimeScript 1st-strand cDNA Synthesis Kit (Takara, Japan). The random hexamers and RNA templates were mixed and denatured at 65°C for 5 min., followed by cooling for 2 min on ice. PrimeScript buffer (5x), RTase and RNAse inhibitor were added to the cooled template mixture and incubated for 1 h at 50°C before enzyme inactivation at 70°C for 15 min. Quantitative real-time RT-PCR (qRT-PCR) was performed using SYBR Green PCR Master Mix (Takara Bio Inc., Shiga, Japan) and a 7500 fast real-time PCR system (Applied Biosystems, Foster City, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Complementary DNA samples were diluted 1.5-fold, and qRT-PCT was performed using an AB-7500 Real-time thermal cycler (Applied Biosystems, Foster City, USA) with SYBR Premix ExTaq II (Takara Bio, Shiga, Japan) according to the manufacturer's instructions. The reactions were performed in a total volume of 20 μl containing 0.4 mM of each primer (Table 1) . Each PCR run included a no-template control including water instead of cDNA and a reverse transcriptase-negative control for each gene. Triplicate measurements were performed for all reactions. Different samples were evaluated using 96-well plates for gene expression experiments, and all samples were analyzed on a single plate for endogenous control determination. The results were analyzed using the critical threshold (ΔC T ) and comparative critical threshold (ΔΔC T ) methods in the AB-7500 software program with the Norm finder and geNorm-plus algorithms. The primers were designed using Primer Express (Applied Biosystems, Foster City, USA).
cDNA library preparation for RNA-Seq Total RNA was extracted from each group of BV-2 cells (i.e., control 2 h, control 4 h, LPS 2 h, LPS 4 h) using TRIzol (Life Technologies) according to the manufacturer's instructions. For RNA-Seq, RNA libraries were created from each group of BV-2 cells using the NEBNext Ultra Directional RNA Library preparation kit from Illumina. The first step in the workflow involved the removal of ribosomal RNA using the RNAMius Transcriptome Isolation kit (Life Technologies). Following purification, total RNA was fragmented into small pieces using divalent cations at elevated temperatures. The cleaved RNA fragments were subjected to first-strand cDNA synthesis using reverse transcriptase and random primers, followed by second-strand cDNA synthesis using DNA polymerase I and RNase H. The cDNA fragments were subsequently processed using an end-repair reaction after the addition of a single 'A' base, followed by adapter ligation. The products of these reactions were purified and enriched through PCR to generate the final cDNA library. The cDNA fragments were sequenced using the Illumina HiSeq2500 (101 cycles PE lane) (National Instrumentation Center for Environmental Management in Seoul National University). Biological duplicate RNA sequencing was performed on eight independent RNA samples from the treated BV-2 cells: control 2 h (2 samples), control 4 h (2 samples), LPS 2 h (2 samples) and LPS 4 h (2 samples).
Differential gene expression analysis
Raw sequence files were subjected to quality control analysis using FastQC (http://www. bioinformatics.babraham.ac.uk/projects/fastqc/). To avoid low-quality data, we clipped the adapters and trimmed the reads using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_ toolkit/). For the analysis of differentially expressed genes, the quality-checked reads for each condition were processed using the TopHat version 2.0.10 package (Bowtie 2 version 2.2.1) as FASTQ files [30] . The reads were mapped to the reference genome [Mus musculus UCSC mm10 sequence], and the alignment files were generated as BAM files. These files were used as the input for Cufflinks, a complement method used to generate assembled transcripts for each condition; the abundance was evaluated using read data. To normalize the data, the ''fragments per kilobase per million map reads" (FPKM) were calculated for each gene [31] . These assemblies are used in Cuffquant and Cuffdiff from the Cufflinks 2.2.1 package to calculate the differential expression levels and evaluate the statistical significance of detected alterations [32] . RNA-Seq experiments were normalized and visualized using HOMER (http://homer.salk.edu/ homer/) after preparing custom tracks for the UCSC Genome Browser (http://genome.ucsc. edu/). The acquired data were deposited in the Gene Expression Omnibus database under dataset accession no. SRX683618 (SRR1554368, SRR1598823); SRX683736 (SRR1554452); Table 1 . List of primers used in q-RT-PCR studies.
Gene designation
Forward ( 
Functional annotation
DAVID (Database for Annotation, Visualization and Integrated Discovery) version 6.7 software (http://david.abcc.ncifcrf.gov/home.jsp) was used to determine the most functional annotation of significant genes in the datasets as previously described [33] . The DAVID program calculates a modified Fisher's exact P value to demonstrate gene ontology (GO) or molecular pathway enrichment. Values less than 0.05 were considered strongly enriched in the annotation category.
Canonical pathway analysis of datasets
IPA (Ingenuity W Systems, http://www.ingenuity.com, Mountain View, CA, USA) was conducted to analyze the most significant canonical pathways in datasets as previously described [29, 34, 35] . Genes from datasets associated with canonical pathways in the Ingenuity Pathways Knowledge Base (IPAKB) were considered for literary analysis. The significance of the associations between datasets and canonical pathways was measured in the following manner: (1) the ratio of the number of genes from the dataset that mapped to a canonical pathway divided by the total number of genes that mapped to the same canonical pathway; and (2) Fischer's exact test for a p value indicating the probability that the association could be explained by chance. After uploading the datasets, gene identifiers were mapped to corresponding gene objects, and the genes were overlaid onto a global molecular network in IPAKB. Gene networks were algorithmically generated based on connectivity.
Graphical representation of networks and pathways
For network generation, the molecules from the normalized filtered RNA-Seq dataset were each mapped to corresponding objects in Ingenuity's Knowledge Base. A fold-change cutoff of up-regulated genes (! 1.5 log 2 -fold) was set to identify significantly and differentially regulated genes in BV-2 microglial cells at 2 and 4 h after LPS stimulation. The graphical representation of molecular relationships between genes and gene products was based on genes or gene products, represented as nodes, and the biological relationship between two nodes was represented as an edge (line). All edges were supported by at least one reference from the literature, textbook or canonical information in IPAKB. The node color intensity indicated the degree of upregulation (red). The nodes were displayed using shapes to represent functional classes of gene products.
Transcription factor binding motif enrichment analysis
NCBI reference sequence mRNA accession numbers were subjected to transcription factor binding motif analysis using the web-based software Pscan (http://159.149.109.9/pscan/) [36] . The JASPAR [37] database of transcription binding factor sequences was analyzed using enriched groups of −950 base pair (bp) sequences to +50 bp of the 5' upstream promoters. The range of −950 to +50 was selected from the range options in Pscan to obtain the best cover for a −1000 to +50 bp range.
Enzyme-linked immunosorbent assay (ELISA)
Primary microglial cells were cultured in the same condition as above. Primary microglial cells were treated with LPS (10 ng/ml), for 2 h and 4 h. After treatment, the concentration of the pro-inflammatory mediators ccl2, ccl7, and cxcl10 were determined in cell culture supernatants using the mouse ELISA kit (Komabiotec, Seoul, Korea) according to the manufacturer's protocol.
Statistical analysis
The data were analyzed using Origin Pro 8 (Origin Lab Corporation, Northampton, MA, USA). Each value is expressed as the mean ± standard error of the mean (SEM). The statistical analysis was performed using SPSS 17.0 (SPSS Inc., IL, USA). The data were tested using a oneway ANOVA, followed by Tukey's HSD post hoc test. Ã P <0.05 and ÃÃ P <0.001 were considered significant.
Results
Effects of LPS on cytokine mRNA induction and the inducer removal response in BV-2 microglial cells
In RNA-Seq studies, the preparation of biological samples is a significant initial step. To determine the proper time course responses, we performed an expression analysis in BV-2 microglial cells treated with LPS (10 ng/mL) for 10 min to 24 h and compared the results with the expression in untreated cells under normal culture conditions. We observed the significant, time-dependent up-regulation of inflammatory response-related genes after LPS treatment (Fig. 1A) , except for the 12 and 24 h time points. The qRT-PCR analysis revealed that the genes related to inflammatory responses that were up-regulated after LPS treatment in BV-2 microglial cells included iNOS, Il1ß, and tnf-α. We observed that most of the inflammatory response-related genes were up-regulated at the 2 and 4 h time points. Therefore, we selected these time points for transcriptional profiling; these time points were also used in previous studies [14, 38] investigating the general induction patterns of microglial activation through LPS. To determine whether LPS stimulation is essential for maintaining inflammatory gene expression, we further examined the changes in gene expression in response to LPS removal. We removed LPS after 2 and 4 h of treatment and extensively washed the cells, followed by incubation for the specified times under normal culture conditions. The expression of most of the inflammatory genes was suddenly terminated (Fig. 1B) , suggesting that LPS stimulation is essential for maintaining inflammatory gene expression in BV-2 microglial cells.
RNA-seq transcriptional profiling in LPS-stimulated BV-2 microglial cells
Based on the results shown in Fig. 1A , we treated BV-2 microglial cells with LPS for 2 and 4 h in the cDNA library preparation for RNA-Seq experiments. The RNA-Seq transcriptional analysis was performed using two independent samples (biological replicates) of each treatment. Eight libraries obtained from control 2 h (2 samples), control 4 h (2 samples), LPS 2 h (2 samples) and LPS 4 h (2 samples) treatments were sequenced. The RNA-Seq analysis revealed differentially expressed genes in LPS-stimulated BV-2 cells at both time points: 367 genes for 2 h and 512 genes for 4 h (increased and decreased in expression ! 1.5 log 2 -fold, respectively) were differentially regulated. Among them, 263 and 319 genes were up-regulated, whereas 104 and 193 genes were down-regulated at 2 and 4 h, respectively, after LPS treatment (Figs. 2A  and 2B and Tables A and B in S1 File). The normalized LPS-stimulated BV-2 microglial cell RNA-Seq data have been deposited in the NCBI Sequence Read Archive [39] and are accessible through accession number SRX683618; SRX683736; SRX683740; SRX683671; SRX683737; SRX683741. The following inflammatory response-and immune response-related genes exhibited the most dramatic levels of induction following LPS challenge: iNOS, interleukin and interleukin-related genes (Il1-β, Il1a, Il18, and Il1rn); Tnf and Tnf-related genes (tnf-α, tnfaip3, tnip3, tnip1, and tnfaip2); a prostaglandin-related gene, ptgs2; NF-κB-related genes (nfκbiz, nfκbia, nfκb2, relb, nfκbie, and nfκb1); interferon-related genes Ifit1, Interferon regulatory factors (irf1, irf7, and irf9); and cytokines or chemokines (cxcl10, ccl4, ccl7, ccl2, ccl3, ccl12, and ccl9) (Figs. 2A, 2C and 2D). We selected these genes based on biological processes and molecular gene ontology functions. As the down-regulated genes were not associated with inflammation, only the up-regulated genes were further studied. We confirmed by gene ontology (GO) analysis (FDR 0.05) using DAVID Bioinformatics Resources that LPS down-regulated transcripts were associated with regulation of biological and cellular processes in BV-2 microglial cells (S2 Fig.) . We next performed functional classification analyses of the up-regulated genes (! 1.5 log 2 -fold) using DAVID Informatics Resources through classification into GO categories (FDR 0.05) based on biological process (BP) and molecular function (MF) categories and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways. The genes up-regulated in response to LPS stimulation were involved in several BPs and MFs. We observed that the largest groups of genes were involved in immune system regulation and stimulus responses. Other pathways, such as the regulation of cell death, locomotion, biological processes, etc., were also Differential expression of TFs in multiple families of RNA-Seq data in LPS-stimulated BV-2 microglial cells
Multiple families of TFs were identified among differentially expressed genes (DEGs) that were significantly up-regulated at 2 and 4 h after LPS stimulation in BV-2 microglial cells (Fig. 3A) . These TFs, including Irf, Kruppel-like factor (klf), NF-κB and signal transducer and activator of transcription (Stat), are important in neuroinflammatory diseases [40] [41] [42] . The RNA-Seq analysis revealed that nfκbia, stat1, klf7 and irf1 were most up regulated in BV-2 microglial cells after LPS stimulation. Interestingly, irf2, irf4, irf6, irf8, stat6, klf1, klf2, klf4, and klf5 were unaffected after LPS treatment, suggesting that LPS-induced gene expression is highly selective in BV-2 microglial cells (Figs. 3A and 3B ). To determine whether multiple TF families are uniquely expressed in microglial cells, we compared these highly expressed TFs in macrophage (RAW 264.7) cell lines, and observed that only Irfs (irf1 and irf9) were not expressed in macrophages, suggesting that irf1, irf7, and irf9 might be important regulators in the selective inflammatory gene expression in microglia. However, we could not significantly distinguish other transcription factor groups, such as nf-kb and klf7, and proinflammatory gene expression programs between microglial and macrophages (Fig. 3C ). In addition, the RNA-Seq reads also revealed that junb, atf3, foxp4 and specificity protein 1 (spi1) were particularly up regulated in LPS-stimulated BV-2 microglial cells (Fig. 3A) . We next conducted a TF motif analysis to assess LPS-induced gene expression in BV-2 microglial cells. We used the Pscan software tool [36] to perform the in silico computational analysis of over represented cis-regulatory elements within the 5'-promoter regions of coordinately regulated genes. Applying this score to the promoters of the genes differentially expressed at 2 or 4 h (! 1.5 log 2 -fold) in response to LPS revealed that the DNA sequences not only for NF-kB transcription factors but also for irf1, stat1, stat3 and Spi1 were significantly enriched (Fig. 3D) . These findings indicate that multiple families of transcription factors might be involved in the regulation BV-2 microglial cell activation.
Transcriptional and post-transcriptional regulation in LPS-stimulated BV-2 microglial cells
Differentially expressed isoforms with different TSSs are transcriptionally regulated, while differentially expressed isoforms with the same TSSs are post-transcriptionally regulated [25] . In the present study, the transcripts, isoforms and TSSs of the genes up-regulated (! 1.5 log 2 -fold) in LPS-stimulated BV-2 cells after 2 and 4 h were investigated. We defined three groups of genes ( Fig. 3E and Tables 2 and 3 ): A. Genes with one TSS and one isoform, classified as ''un-spliced and transcriptionally regulated" (163 and 216 genes, respectively); B. Genes with one TSS and more than one isoform, classified as ''spliced and post-transcriptionally regulated" Table 2 . Transcriptional and post-transcriptional classification of genes in 2 h LPS-stimulated BV-2 microglial cells.
Un-spliced and transcriptionally regulated genes Spliced and post-transcriptionally regulated genes
Spliced and both transcriptionally and posttranscriptionally regulated genes (55 and 63 genes, respectively); and C. Genes with more than one TSS and more than one isoform, classified as ''spliced and both transcriptionally and post-transcriptionally regulated" (40 and 45 genes, respectively). These results revealed that differentially expressed isoforms with different TSSs offer an additional perspective of gene regulation in LPS-stimulated BV-2 microglial cells.
Epigenetic regulators in multiple families are novel targets of RNA-Seq data in LPS-stimulated BV-2 microglial cells
In addition to differentially expressed TFs, the annotation of the RNA-Seq data also revealed family-wide DEGs implicated in epigenetic regulation, defined as genetic control through factors other than an the DNA sequence [43] . Studies of epigenetic regulation to potentiate innate immune responses have recently emerged [44] . Herein, we provide the first evidence that among multiple families of epigenetic regulators, only histone demethylases (kdm4a) and DNA methyltransferase (dnmt3l) were significantly and differentially expressed in LPS-stimulated BV-2 cells (Figs. 4A and 4B ), suggesting that histone demethylases (Kdm4a) and DNA methyltransferases (dnmt3l) might be involved in the regulation of BV-2 microglial cell activation. 
Gene network analysis and canonical pathways modulated through LPS-stimulated BV-2 microglial cells
To gain further insight into molecular functions, we performed IPA to identify gene networks, which represents the intermolecular connections among interacting genes based on functional knowledge inputs. These pathways potentially define molecular targets associated with LPSstimulated BV-2 cells. The IPA analysis revealed three networks of the differentially expressed genes established either at 2 or 4 h or at both time points after LPS stimulation in BV-2 cells. Network 1, network 2 and network 3 are illustrated in Fig. 5A . The genes in networks 1, 2 and 3 were involved in cell-to-cell signaling and interaction, inflammatory disease, and inflammatory response at 2 h after LPS stimulation in BV-2 cells; antimicrobial response, inflammatory response, and cell signaling at 4 h after LPS stimulation in BV-2 cells; and infectious disease, inflammatory disease, inflammatory response at both 2 and 4 h after LPS stimulation in BV-2 cells. Interestingly, the genes enriched in LPS-stimulated BV-2 cells were in networks, and nfκb complex, stat1-stat2, irf1 and irf9 formed the central node of an interconnected regulatory system. Among these genes, nf-κb target genes, such as proinflammatory cytokines, Il1ß, nos2; stat1-stat2 target genes, such as oas1, oas2, and ifit2; and irf1 and irf9 target genes, such as cxcl10, isg15, rsad2, and slpi, have been implicated in inflammatory disorders (Fig. 5A) . The IPA-identified biological networks and pathways most involved in LPS-stimulated BV-2 cells complemented the findings from Pathway Express. We next examined the modulated genes in canonical pathways by mapping these transcripts to the IPA program. The top 5 canonical pathways for the differentially expressed genes at the two time-points are displayed in Fig. 5B . The most significant canonical pathways were involved in communication between innate and adaptive immune cells and pattern recognition receptors in recognition bacteria and viruses. Other notable pathways included the activation of Irf through cytokine pattern recognition receptors and interferon, NF-κB, Tnfr2 and CD40 signaling in LPS-stimulated BV-2 cells. Furthermore, the diseases, disorders and upstream regulators for LPS-stimulated BV-2 cells are shown in Tables 4 and 5 . 
Confirmation of differentially expressed genes through qRT-PCR
A large number of differentially regulated genes identified in the RNA-Seq analysis were subjected to validation through real-time qRT-PCR using GAPDH as a reference gene. The LPSaffected genes were primarily selected for validation. To measure gene expression, mRNA was reverse transcribed into cDNA using the Prime Script TM Reverse Transcriptase (Takara Bio Inc., Shiga, Japan); the qRT-PCR assays were repeated several times using at least 3 mRNA preparations from independent experiments. The results are expressed as a fold-change relative to the control levels. Fifteen genes were selected for verification; the RNA-Seq expression patterns were confirmed for twelve genes (ccl12, ccl7, irak3, ptgs2, il1a, irg1, irf9, irf1, relb, p65, cxcl10, and ccl2; Fig. 6 ), and three genes were non-significant (data not shown) in the qRT-PCR analysis compared with the RNA-Seq experiments. To confirm whether those genes were induced in primary microglial cells, we incubated primary microglial cells under inflammatory conditions (LPS 10 ng/mL), which induced inflammatory genes including irg1, il1a, il1b, ccl7, ccl12, ccl2, cxcl10, irf1, and irf7 in primary microglial cells (Figs. 7A, 7B and 7C ). However, it should be noted that ptgs2 gene was not affected by the treatment of LPS (data not shown). In addition, we analyzed cytokines/chemokines in the supernatants of treated primary microglial cells with ELISAs. Compared to untreated cells ccl2, ccl7, and cxcl10 in the ccl12, ccl7, irak3, ptgs2, il1a, irg1, irf9, irf1, relb, p65, cxcl10, and ccl2 genes were significantly up-regulated in LPS-treated BV-2 microglia cells. Gene expression was normalized to the GAPDH transcript levels. *P<0.05, **P<0.001 and ns stands for no significant difference compared with control. The data represent three independent experiments. doi:10.1371/journal.pone.0121117.g006
supernatants were increased in primary microglial cells following 2 h and 4 h LPS (10 ng/mL) treatment (Fig. 7D) . Confirmation of differentially expressed genes and release of pro-inflammatory mediators in primary microglial cells. (A, B, and C) irg1, il1a, il1b, ccl7, ccl12, ccl2, cxcl10, irf1, and irf7 genes were significantly up-regulated in LPS (10 ng/mL) treated primary microglia cells. Gene expression was normalized to the GAPDH transcript levels. (D) Primary microglial cell culture supernatants of LPS (10 ng/mL) treated cells were subjected to ELISA to detect the levels of pro-inflammatory cytokines/chemokines. Therefore, primary microglial cells were treated with LPS for 2 h and 4 h, followed by quantification of ccl2, ccl7, and cxcl10 levels. Values are given in pg/ml. Means and standard deviations of the mean of three independent experiments are shown (*P value <0.05, **P value <0.001, ns stands for no significant difference compared with control).
doi:10.1371/journal.pone.0121117.g007
Differential impact of Aβ 42 on the expressions of inflammatory mediators in microglial cells
Previous studies have demonstrated that Aβ 42 is a principal component of senile plaques and is thought to be central to the pathogenesis of the AD [45, 46] and abundant proinflammatory cytokines, chemokines, and complement products are presented in AD brains [47, 48] . To probe whether Aβ 42 triggered deregulation of inflammatory genes, we measured the expressions of selected inflammatory genes upon exposure to Aβ 42 for 2 h and 4 h time points in both BV-2 microglial and primary microglial cells. Interestingly, we found that most of the inflammatory response-related genes were significantly up-regulated only in primary microglial cells at the 2 and 4 h time points upon exposure to Aβ 42 (Fig. 8) . However, it should be noted that irf1, irf7, ccl2, ccl12, and relb genes were not affected by the treatment of Aβ 42 (data not shown). Nevertheless, in the presence of chronic Aβ 42 exposures detailed transcriptome analysis will be required to determine the unique transcriptomic signature in primary microglial and BV-2 microglial cells. This is an exciting area that we are keenly pursuing further.
Discussion
In the present study, we used an RNA-Seq approach to profile the differential gene expression at multiple time-points in BV-2 microglial cells in response to inflammatory stimulus. Although other methods, such as microarray technology, have been applied for the genome-wide analysis of inflammatory gene transcription in macrophages, the experimental strategy described here provided novel insights into high-resolution transcriptome data [20, 30, 45] . RNA-Seq technology, combined with bioinformatics, is an efficient high-throughput tool to establish gene expression patterns and complete functional clustering, canonical pathway and network enrichment of DEGs, with great advantages for identifying host response genes and obtaining associated information following LPS infection. Bioinformatics analyses of DEGs revealed approximately 263 and 319 genes (! 1.5 log 2 -fold) were significantly up-regulated after 2 and 4 h, respectively, in LPS-stimulated BV-2 cells. This variation between 2 h and 4 h time point may be due to relatively less immune response gene expression level at its earliest stage of bacterial infection when high variation is more pronounced compared to the 4 h time point. Notably, these data were accurate, although two independent biological replicates for each sample were used. In addition, we investigated the use of differential promoters, transcription start sites and isoforms variants in LPS-stimulated gene loci, which, to our knowledge, has not been previously validated in studies concerning genome-wide gene regulation in microglia [49, 50] . The analysis revealed that the genes associated with inflammation were significantly up regulated in response to LPS in BV-2 microglial cells. Both the extent of the fold-change and the number of genes were significantly modulated. The following inflammatory response-and immune response-related genes were markedly affected after LPS stimulation: iNOS, interleukin and interleukin-related genes (il1-β, il1a, il18, and il1rn); Tnf and Tnf-related genes (tnf-α, tnfaip3, tnip3, tnip1, and tnfaip2); a prostaglandin-related gene, ptgs2; nf-κb-related genes (nfκbiz, nfκbia, nfκb2, relb, nfκbie, and nfκb1); interferon-related genes (ifit1, irf1, irf7, irf9); and cytokines or chemokines (cxcl10, ccl4, ccl7, ccl2, ccl3, ccl12, and ccl9) ( Fig. 2A) .
We observed that LPS significantly induced the expression of key pro-inflammatory enzymes, including nos2 and ptgs2. Nos2 plays a pivotal role in mediating neuroinflammation to produce NO, a potent proinflammatory mediator, via oxidative deamination [51] . Because neurons and oligodendrocytes are injurious in relation to NO, an oversupply of NO can cause nerve injury in CNS diseases [52] . Ptgs2 is the key enzyme responsible for brain inflammation, and increased ptgs2 expression contributes to neurodegeneration [53] . In addition, Ptgs2 is also responsible for the synthesis of inflammation-related PG, and the inhibition of PG and NO production has been proposed as a therapeutic target for inflammatory diseases, such as PD, Huntington's disease and AD [54] . Chemokines, also referred to as inflammatory cytokines, are key regulators of inflammation, and the excessive production of these molecules has been associated with disease progression and severe inflammation pathologies, including MS [55] . Conductier et al. reported that ccl2 plays a crucial role in neuroinflammatory diseases and is also considered as a target in the treatment of neuroinflammatory disorders [56] . Ccl2 and ccl7 are highly expressed during MS in microglia, astrocytes and other inflammatory cells [57] . Ccl12 also plays an inflammatory role, as the levels of this chemokine are up-regulated in both microglia and astrocytes when stimulated with the proinflammatory cytokine il-17 [58] . The expression of the CXC chemokine ligand 10, cxcl10, is observed during infectious and inflammatory diseases, playing a crucial role in T-cell mediated inflammation in the CNS. In addition, Cxcl10 plays a role in inflammatory demyelinating diseases, such as MS, through the destruction of the myelin sheath or neurons by facilitating leukocyte trafficking in the brain [59] . A previous study reported that rabies virus infection up-modulated the expression of interferon-stimulated genes (ISGs), such as ifit1, ifit2, ifit4, isg20, gbp5, gbp1, oas1, oas3 and mxa, in NT2-N cells [60] . In the present study, we established the profound up-regulation of some ISGs, such as oasl1, oasl2, irf1, irf7, isg15 and igtp, in microglial cells at 2 and 4 h after LPS stimulation. This result suggested that LPS infection caused the activation of IFN-signaling-pathway-induced gene expression in BV-2 microglial cells, although the modulation of IFN-α/ß genes was not detected in the RNA-Seq analysis. Furthermore, to evaluate the influence of microglial cells on Aβ 42 -induced AD [45] [46] [47] [48] we measured the expressions of selected inflammatory genes upon exposure to Aβ 42 for 2 h and 4 h time points in both BV-2 microglial and primary microglial cells. Interestingly, we found that most of the inflammatory responserelated genes were significantly up-regulated in primary microglial cells at the 2 and 4 h time points (Fig. 8) . However, BV-2 cell lines with these factors did not induce the expression of such inflammatory response-related genes.
Another hallmark of inflammation is the increased expression of TFs. The RNA-Seq analysis identified several groups of TFs most relevant for microglia activation. Roles have been established for most of these TFs, including nf-kb (global activator), stat, spi1 (Pu.1), and Irfs, in macrophage activation [61] . In addition to nf-κb and stat we identified additional TFs (spi1 (Pu.1), irfs, klf7, junb, atf3, and foxp4) whose roles in microglia activation have not yet been established (Fig. 3A, 3B) . We observed the significant up-regulation of stat1 and stat3 after 4 h in LPS-stimulated BV-2 microglia. Similar observations were also observed in peripheral macrophages stimulated with LPS, revealing the strong up regulation of stat1/stat3 signaling [62] . The RNA-Seq data also revealed that other members of these transcription factor families, including klf7, junb, atf3, and foxp4, could play significant roles in microglia development and activation. However, irf2, irf4, irf6, irf8, stat6, klf1, klf2, klf4, and klf5 were unaffected by LPS, suggesting the highly selective induction of TFs through LPS in BV-2 microglial cells. Nevertheless further studies are warranted to assess earlier timepoint transcription factors profiling as well as how these TFs participate in innate immunity in microglial cells. Furthermore, we confirmed the expression of key inflammation-and immunity-related genes as well as cytokines/chemokines in the supernatants were significantly induced in LPS treated primary microglial cells including irg1, il1a, il1b, ccl7, ccl12, ccl2, cxcl10, irf1, and irf7 (Figs. 7A, 7B, 7C and 7D).
To further delineate conserved transcription factor-binding motifs, we performed TF motif analysis on LPS-stimulated genes in BV-2 microglial cells. The core promoters of co-expressed genes (typically, regulatory regions within −1000 to +50 bp relative to the transcriptional start site) can be evaluated for overrepresented cis-regulatory elements after partitioning into suitable modules [63] . Among the two ranges available in Pscan that are closest to this region of interest (−950 to 50 and −1000 to 0), the −950 to +50 bp range was selected for the analyses. The promoters of differentially expressed genes revealed the enrichment of DNA sequences not only for NF-κB transcription factors but also for irf1, stat1, stat3 and specificity protein 1 (Spi1). These analyses converged the first insights into 5 TF binding motif that can be involved in regulating subset specific genes in BV-2 microglial cells (Fig. 3D) .
To further elucidate the functional categories for LPS-stimulated inflammatory genes in BV-2 microglial cells, we performed the first functional analysis of the transcripts, isoforms and TSSs. Most of the differentially expressed genes in microglial following LPS stimulation were expressed as several isoforms subjected to transcriptional/post-transcriptional regulation and/or differential promoter usage. We classified these genes into three main groups (genes with one isoform and one TSS; genes with more than one isoform and one TSS; and genes with more than one isoform and more than one TSS (Fig. 3E and Tables 2 and 3 ). The first two groups included genes crucial for the innate immune response, which might be under stronger selection to prevent the emergence of new isoforms and/or post-transcriptional regulation. In addition few of the genes [64] belonged to the third group, suggesting that they could be subjected to positive selection at the transcriptional and post-transcriptional regulation in LPS stimulated BV-2 microglial cells. However, further targeted studies are required to validate this regulation and establish the potential effects of these genes during microglial infection.
Epigenetic regulation, which involves chemical modification of DNA cytosine residues and DNA-bound histone proteins without alterations in the DNA sequence, is promising as one of the major factors regulating gene expression in response to environmental stimuli [43] . Recent studies have demonstrated that histone demethylases (kdm6b) and histone deacetylases (hdac1, hdac2, hdac3, and hdac7) potentially regulate proinflammatory gene expression in macrophages [44, 65, 66] . Recently, we showed that the histone demethylase kdm4a was significantly expressed in neuroectodermal stem cells and might play a role in tumorigenic development [35] . Interestingly herein, the RNA-Seq data also revealed that the histone demethylase Kdm4a and DNA methyltransferase Dnmt3l were strikingly differentially expressed in LPSstimulated BV-2 microglial cells (Figs. 4A and 4B) . However, the histone demethylase Kdm6b and histone deacetylases, hdac1, hdac2, hdac3, and hdac7, were not affected in LPS-stimulated BV-2 microglial cells.
The top KEGG pathways identified in DAVID included immune system processes and stimuli responses, while the top canonical pathways identified in IPA involved the communication between innate and adaptive immune cells and pattern recognition receptors in recognition bacteria and viruses. Furthermore, the most pronounced functional network overrepresented in these data involved NF-κB complex, stat1-stat2, irf1 and irf9, which form the central molecule of an interconnected regulatory system, suggesting that NF-κB complex, stat1-stat2, irf1 and irf9 link proinflammatory cytokines, il1ß, nos2, oas1, oas2, ifit2, cxcl10, isg15, rsad2, and slpi to mediate the signaling and induction of proinflammatory activities in microglia in response to LPS stimulation (Fig. 5A) . The up-regulation of NF-κB complex, stat1-stat2, irf1 and irf9 in LPS-stimulated BV-2 microglial cells was further illustrated in the differential gene expression analysis ( Figs. 2A and 2B ). In the present study, we examined BV-2 cell lines as a model of inflammation studies. This is one of the major uses of microglia. Previously, others reports demonstrated that BV-2 cell lines have close resemblance to primary brain microglia [67] [68] [69] . Consistent with our findings, Henn et al. reported that in the presence of LPS transcriptome and proteome analysis of BV-2 cell lines revealed a high similarity to primary microglial cells [69] . Since BV-2 cells are easy to culture, they are an important tool to study not only inflammatory processes, [69] but also phagocytosis [70] . Recently, Crotti et al. reported that BV-2 cell lines exhibit many similarities to that of primary microglia and in vivo in terms of Huntington's disease [71] . In contrast, Butovsky et al. demonstrated that in different conditions, such as after exposure to macrophage colony-stimulating factor (MCSF) and transforming growth factor beta 1 (TGF-ß1) adult primary microglia showed a unique molecular expression pattern. However, MCSF and TGF-ß1 did not induce such microglial molecular expression pattern in BV-2 cell lines [72] . In the presence of LPS as well as MCSF and TGF-ß1 detailed transcriptome analysis will be required to determine the unique transcriptomic signature in primary microglial cells.
Overall, the genome-wide analysis through RNA-Seq showed LPS-inducible genes in microglial cells, reflecting the robust and reliable kinetic development and modulation of cell reactivity during the early course of the inflammatory response. Regardless of certain boundaries in exactitude, LPS-stimulated inflammatory gene expression profiling in microglia, clustering, and the prediction of cis-regulatory elements offer valuable information for future studies, such as potential gene targets for chromatin immunoprecipitation (ChIP)-seq assays. This model can subsequently be extended to include data from other high-dimensional surveys, such as microRNA, ChIP-on-chip, and proteomics, providing more advanced insight into global gene regulation in BV-2 microglial cells.
Conclusion
In summary, in addition to identifying potential signature genes using RNA-Seq, our pathway analysis discovered multiple pathways and gene networks significantly involved inflammatory disorders in response to LPS stimulation in BV-2 microglia at different activation statuses. Furthermore, we examined epigenetic regulators and the transcriptional and post-transcriptional regulation of genes based on their isoforms, TSSs and differential promoters in LPS-stimulated BV-2 microglial cells. Consequently, we suggest that the panel of microglial genes, TFs, and epigenetic regulators whose expression is differentially regulated in response to bacterial infection may play a critical role for initiating the inflammation process in BV-2 microglial cells and may also contribute to the inflammation-mediated neurodegenerative diseases. 
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